Abstract Supercritical fluid carbon dioxide presents an attractive alternative to conventional solvents for recovery of the actinides and lanthanides. Carbon dioxide is a good solvent for fluorine and phosphate-containing ligands, including the traditional tributylphosphate ligand used in process-scale uranium separations. Actinide and lanthanide oxides may even be directly dissolved in carbon dioxide containing the complexes formed between these ligands and mineral acids, obviating the need for large volumes of acids for leaching and dissolution, and the corresponding organic liquid-liquid solvent extraction solutions. Examples of the application of this novel technology for actinide and lanthanide separations are presented.
Introduction
Acid leaching and solvent extraction are traditionally used to achieve dissolution and separation of lanthanides and actinides from solid materials. Treatment and disposal of liquid wastes generated from those conventional processes are costly and may create environmental problems. Developing new techniques utilizing green solvents such as supercritical carbon dioxide (sc-CO 2 ) for the extraction and separation of lanthanides and actinides has been a subject of considerable interest in recent years. Supercritical fluids exhibit gas-like mass transfer properties and yet possess liquid-like solvation capability. Those properties make supercritical fluids ideal for extraction of lanthanides and actinides from porous solid materials [1, 2] . Carbon dioxide is widely used for supercritical fluid extraction (SFE) because of its moderate critical constants (T c = 31°C and P c = 73 atm), inertness, and low cost. However, since CO 2 is a linear triatomic molecule with no dipole moment, it is a poor solvent for dissolving polar compounds and metal ions. Systematic studies of SFE of metal species started in the early 1990s utilizing CO 2 -philic ligands to assist extraction of metal ions as metal chelates [3] . After extraction, depressurization of the system precipitates the extracted metal chelates and the CO 2 can be recycled. Techniques for direct dissolution of metals and metal oxides were also developed [4] [5] [6] . This new extraction technique enables the dissolution and extraction of metals and metal oxides directly into the CO 2 -phase in a single step, and allows for rapid separation of solutes and easy recycling of the solvents. It thus appears promising for many metal-related industrial processes. This paper summarizes our recent results regarding extraction and separation of lanthanides and actinides in sc-CO 2 and potential applications of the technology to the recycle of used nuclear fuel.
Experimental
The basic principle of SFE is illustrated in Fig. 1 , where the arrows show the four main steps. Extraction occurs in the sc-CO 2 phase at temperatures and pressures above the critical constant, although it should be noted that dissolution of metals and oxides can be performed at ambient Am (541 mg/kg in 0.5 M HNO 3 ) and were diluted to 28 and 1 lM; respectively, with the appropriate nitric acid concentration (1, 3, 6 , and 8 M) prior to use. A 100 mg/kg lanthanide standard stock solution (Fischer Scientific) was diluted to 10 mM in the same fashion as described above. Depleted UO 2 powder (Internal Bio-Analytical Industries, Inc) was dissolved in nitric acid and then diluted to 3 mM in the appropriate nitric acid concentration for the extraction. The forward extractions were performed using sc-CO 2 modified with 1 mol% TBP. The extraction temperature was 40°C at a pressure of 200 atm. A static contact between sc-CO 2 and tributylphosphate (TBP, Aldrich) occurred over a period of 20 min to allow the ligand time to dissolve and reach equilibrium. Afterwards, the modified sc-CO 2 was exposed to the sample and a static contact of 30 min was allowed. This was followed by a 2 h depressurization at a flow rate of 0.375 mL min -1 into a dodecane trap solution. Acetohydroxamic acid (AHA, Reagent Plus) or oxalic acid (OA, EM Science) were used as holdback reagents to enable selective extraction of U, by preventing extraction of other metals. The AHA and OA were prepared at 0.5 M in nanopure water and were directly added to the acidic metal ion sample solution to a final concentration of 0.1 M.
The concentration of the original acidic sample and post-extraction aqueous solution in the sample pressure vessel were analyzed by several analytical instruments to determine percent extraction. The 242 Pu was analyzed using a Tri-carb 3170TR/SL liquid scintillation analyzer (Perkin-Elmer), 243 Am was analyzed by c-counting at the 74 keV line using a GEM High-Purity Germanium (HPGE) Detector (Ortec), uranium and europium were analyzed using Inductively Coupled Plasma Mass Spectrometry (Thermo).
Results and discussion
Extraction from conventional nitric acid solution The use of fluorinated or phosphorous-containing chelating agents such as fluorinated b-diketones or TBP for the extraction of trivalent lanthanide and uranyl ions from acid solutions into the sc-CO 2 phase was demonstrated during the SFE technology development phase in the 1990s [7, 8] . Figure 2 shows the efficiency of extracting uranyl and trivalent lanthanide ions from nitric acid solutions into sc-CO 2 containing TBP. Above 1 M HNO 3 , uranyl ions can be quantitatively extracted into the sc-CO 2 phase and the dissolved uranyl complex was determined to be the same found in conventional solvents: UO 2 (NO 3 ) 2 (TBP) 2 [9] . Extraction of trivalent lanthanide ions such as Eu 3? into sc-CO 2 with TBP occurs above 5 M HNO 3 , probably with the formation of a Eu(NO 3 ) 3 (TBP) x complex. Trivalent actinides such as Am 3? behave similarly to the trivalent lanthanide ions in that they are poorly extracted in comparison to UO 2 2? , as shown in Fig. 2 .
Direct dissolution of metal oxides
Direct dissolution of lanthanide oxides (Ln 2 O 3 ) and uranium dioxide (UO 2 ) in supercritical CO 2 was reported Fig. 1 The basic principle of sc-CO 2 extraction, showing extraction conditions above the critical point, followed by depressurization to precipitate the extracted metals, and recycle of the CO 2 [12] . The wastes generated by the light water nuclear fuel fabrication process are converted to ashes in an incinerator. The incinerator ash contains 6-10 % by weight of enriched uranium (UO 2 ) and some gadolinium (Gd 2 O 3 ). Sc-CO 2 extraction of uranium and gadolinium from the ash with TBP(HNO 3 ) 1.8 (H 2 O) 0.6 is illustrated in Fig. 3 . Separation of gadolinium and uranium is achieved by a counter-current aqueous/sc-CO 2 elution method. When 2-3 M HNO 3 is used as an eluent, Gd 3? is removed from the sc-CO 2 phase and collected at the bottom of the first elution column as shown in Fig. 3 . The separation is based on the fact that trivalent lanthanide ions prefer to stay in the nitric acid phase when the acid concentration is less than 6 M as illustrated in Fig. 2 . Uranium in the sc-CO 2 phase is eluted by water in the second column and the TBP is recycled. This sc-CO 2 extraction and separation technique has potential applications for recovering uranium or rare earth elements from solids containing both lanthanides and actinides.
Actinide partitioning using sc-CO 2 Extraction and separation of transuranic elements in sc-CO 2 has not been extensively studied. However, our recent work indicates that plutonium in nitric acid can be extracted (*95 %) into sc-CO 2 with TBP at nitric acid concentration of 3 M or higher (Fig. 4) [13] . The nominally Pu 4? extraction behavior is similar to the extraction of UO 2 2? that was shown in Fig. 2 . However, in the presence of a reducing/chelating agent such as AHA or OA, sc-CO 2 extraction of plutonium with TBP is shifted to higher acidity ([3 M nitric acid). This observation provides a basis for separation of uranium and plutonium in sc-CO 2 . Table 1 shows that in the presence of 0.1 M OA in 3 M nitric acid, up to 98 % of the uranium can be extracted, whereas only 1 % or less of plutonium is extracted from a mixture of the two actinides. Separations for neptunium and americium have also been demonstrated under the same conditions [13] . Fig. 3 Sc-CO 2 dissolution of uranium and gadolinium oxides in incinerator ash followed by their partitioning by selective stripping using counter-current elution Based on the results obtained from our recent studies, we believe using sc-CO 2 as a solvent for reprocessing spent nuclear fuel is in principle achievable. Basic chemical principles regarding extraction and separation of lanthanides, actinides and other fission products well-known from aqueous solutions can be applied to sc-CO 2 systems with only minor modifications. Figure 5 shows a conceptual scheme of recycling uranium using sc-CO 2 extraction and counter-current stripping techniques demonstrated by our research groups. The advantages of such a system are: (1) large volumes of acid for dissolution or leaching are unnecessary; (2) large volumes of organic solvents for the extraction are unnecessary; (3) the CO 2 solvent is inexpensive, recyclable, non-toxic, and has easily achievable critical constants; and (4) supercritical fluid extraction technology is already well-developed and in use in nonnuclear industry.
Conclusions
Sc-CO 2 has been shown to be a good solvent for dissolving ligands used in actinide and lanthanide extraction. The neutral metal complexes extracted were found to be similar to those extracted into conventional organic diluents using the same ligands. Separations chemistry using TBP in sc-CO 2 is also similar to conventional liquid-liquid extraction, with uranium and plutonium more extractable than trivalent lanthanides and actinides. Separations of the actinides from the lanthanides have been demonstrated, and are in industrial use for the recovery of uranium from oxides also containing gadolinium. Separations within the actinide series have been shown at the laboratory scale. This familiar chemistry, combined with the ability to perform direct oxide dissolution, as well as the more favorable environmental aspects of CO 2 -based processing, suggest the possibility of a promising future for sc-CO 2 processing of used nuclear fuels. Fig. 5 Concept of recycling uranium from spent fuel using sc-CO 2 extraction and countercurrent stripping techniques
